Raxofelast, a hydrophilic vitamin E-like 
antioxidant, stimulates wound healing 
in genetically diabetic mice 
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Background. Impaired wound healing is a well-documented phenomenon in experimental and clinical 
diabetes. Emerging evidence favors the involvement of free radicals in the pathogenesis of diabetes-related 
healing deficit. This study assessed the effect of systemic administration of raxofelast, a protective mem¬ 
brane antioxidant agent, on wound healing by using healing-impaired (db/db) mice. 

Methods. The wound healing effect of raxofelast was investigated by using an incisional skin-wound 
model produced on the back offemale diabetic C57BL/KsJ db+/db+ mice and their healthy litter mates 
(db+/+m). Animals were then randomized to the following treatment: raxofelast (15 mg/kg/d intraperi- 
toneally) or its vehicle (dimethyl sulfoxide/sodium chloride 0.9%, 1:1, vol/vol). The animals were killed 
on different days, and the woun ded skin tissues were used for histologic evaluation and for an alysis of 
malondialdehyde (MDA) level and myeloperoxidase (MPO) activity, wound breaking strength, and col¬ 
lagen content. 

Results. Diabetic mice showed delayed wound healing together with low collagen con tent, breaking 
strength, and increased MDA levels and MPO activity when compared with their healthy littermates. 

The administration of raxofelast did not modify the process of wound repair in healthy (db/+) mice, but 
significantly improved impaired wound healing in diabetic mice through the stimulation of angiogene¬ 
sis, reepithelialization, syn thesis, and maturation of extracellular matrix. Furthermore, raxofelast treat¬ 
ment significantly reduced MDA levels, MPO activity, and increased the breaking strength and collagen 
content of the wound. 

Conclusions. The current study provides evidence that raxofelast restores wound healing to nearly nor¬ 
mal levels in experimen tal diabetes-impaired wounds and suggests that an increased lipid peroxidation 
in diabetic mice may have a role in determining a defect of wound repair. (Surgery 2001;129:467-77.) 
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Wound healing is a complex programmed 
sequence of cellular and molecular processes, 
including inflammation, cell migration, angiogene¬ 
sis, provisional matrix synthesis, collagen deposition, 
and reepithelialization. 1 The healing process 
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requires a sophisticated interaction among inflam¬ 
matory cells, biochemical mediators, extracellular 
matrix molecules, and microenvironmental cell 
population. 

Impaired wound healing may be a consequence 
of normal aging, metabolic derangements, or ther¬ 
apeutic intervention. 

Raxofelast (IRFI 016; 2,3-dihydro-5-hydroxy- 
4,6,7-trimethyl-2-benzofuranacetic acid) is a new 
synthetic analogue of vitamin E with a hydrophilic 
character and powerful antioxidant properties. 2 ' 4 
This compound is quantitatively bioconverted in 
vivo to the deacetylated active metabolite IRFI 005, 
which has been shown to effectively scavenge reac¬ 
tive oxygen species and to be a potent inhibitor of 
lipid peroxidation. 5,6 
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Table I. Histologic parameters 


Reepithelialization 


Granulation tissue 
Angiogenesis 
Infiltrated cells 


Epidermal elongation, differentiation and keratinization; spongiosis; presence of scab; epithelial 
glycogen accumulation to the margins of the wound; dermo-epidermal junction and epithelial 
basal membrane 

Thickness of the granulation tissue; collagen matrix formation and organization; degree of 
edema; fibroblasts number, organization and morphologic features 
New capillary number and position (in the margin of the wound area; in the entire wound area; 

disposed vertically toward the epithelial wound area) 

Polymorphonuclear cells, lymphocytes, macrophages: number; scattered in the wound area; 
only in perivascular or intravascular site 


The effects of raxofelast on the healing process 
were investigated by using an incisional skin wound 
model in genetically diabetic mice (db/db mice). 
Db/db mice are useful as an animal model for 
wound healing studies because wound healing in 
these animals is markedly delayed when compared 
with nondiabetic littermates. 7,8 Healing impair¬ 
ment is characterized by delayed cellular infiltra¬ 
tion and granulation tissue formation, reduced 
angiogenesis, and decreased collagen and its orga¬ 
nization. 9 " 12 The mechanism of this alteration is 
thought to be the result of diabetes production of 
reactive free radicals that cause lipid peroxidation 
and impair endothelial cells, fibroblasts and colla¬ 
gen metabolism. 1 '’’ The potential sources of free 
radical generation in diabetes are ischemia, hyper¬ 
glycemia by auto-oxidative peroxidation, and 
leukocytes. 

We report that systemic administration of rax¬ 
ofelast reverses the wound healing deficit in dia¬ 
betic mice by inhibiting lipid peroxidation. 

MATERIALS AND METHODS 

Animals and experimental protocol. All animal 
procedures were in accordance with the declara¬ 
tion of Helsinki and with the Guide for the Care 
and Use of Laboratory Animals. 

Genetically diabetic female C57BL/KsJ db+/db+ 
mice and their healthy (db+/+m) littermates, both 
aged 10 weeks, were obtained from Jackson 
Laboratory (Bar Harbor, Me). 

During the experiments, the animals were 
housed 1 per cage, maintained under controlled 
environmental conditions (12-hour light/dark 
cycle, temperature approximately 23°C ), and pro¬ 
vided with standard laboratory food and water ad 
libitum. 

The animals were divided into 4 groups (21 ani¬ 
mals each). The first and second groups, consisting 
respectively of diabetic and healthy mice, were 
given raxofelast at a dose of 15 mg/kg intraperi- 
toneally for 12 days. The third group of diabetic 
mice and the fourth group of healthy mice were 


treated with vehicle (dimethylsulfoxide/sodium 
chloride 0.9%, 1:1, vol/vol for 12 days). 

After general anesthesia was administered with 
ketamine hydrochloride (110 mg/kg), the hair on 
the back was shaved and the skin washed with povi¬ 
done-iodine solution and wiped with sterile water. 
Two full-thickness longitudinal incisions (4 cm) 
were made on the dorsum of the mice, and the 
wound edges were closed with skin clips placed at 
1-cm intervals. Seven animals from each group 
were killed after 3, 6, and 12 days, respectively; and 
the wounds were divided in 3 segments (0.8 cm 
wide). The caudal and cranial strip was used for his¬ 
tology while the central one was used for biochem¬ 
ical analysis and wound-breaking strength mea¬ 
surements (on day 12). 

Histologic evaluation. The samples were fixed in 
10% buffered formalin for light microscopic exam¬ 
ination. After fixing, perpendicular sections to the 
anterior-posterior axis of the wound were dehydrat¬ 
ed with graded ethanols and embedded in paraffin. 
Sections, 5p thick, of paraffin-embedded tissues 
were stained with hematoxylin and eosin, periodic 
acid-Schiff (PAS), and Weigert-van Gieson stains. As 
part of the histologic evaluation, 6 slides of each 
biopsy (in particular, 2 hematoxylin-and-eosin- 
stained sections, 2 periodic acid-Schiff stained sec¬ 
tions, and 2 Weigert-van Gieson-stained sections) 
were examined by 2 independent pathologists with¬ 
out knowledge of the previous treatment, who used 
masked slides under the microscope from x 20 to x 
100 magnification. The parameters measured 
(Table 1) were: reepithelialization, granulation tis¬ 
sue formation, angiogenesis, infiltrated inflamma¬ 
tory cells. The margins of the wound in each of the 
sections and normal control wounds were used as 
comparison for scoring (Table II, Fig 1). The histo¬ 
logic score used in this study was evaluated accord¬ 
ing to literature data regarding wound healing in 
experimental models. 5,14 

Breaking strength. The maximum load (break¬ 
ing strength) tolerated by wounds was measured in 
a blinded manner on coded samples by using a cal- 
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Fig 1. Time course of histological score in db/+ and db/db mice treated with vehicle (1 mL/kg/d, 
intraperitoneally) and raxofelast (15 mg/kg/d, intraperitoneally). Each point represents the mean ± SEM 
of 7 experiments. Asterisk, P < .01 versus db/+ mice; number sign, P < .01 versus db/db mice treated with 
vehicle. 


ibrated tensometer (Instron Corp, Canton, Mass) 
as previously described. 15 The ends of the skin strip 
were pulled at a constant speed (20 cm/min), and 
breaking strength was expressed as the mean max¬ 
imum level of tensile strength (g/mrn) before sep¬ 
aration of wounds. 

Biochemical analysis 

Malondialdehyde measurement. An assay of lipid 
peroxidation in wounded skin tissue was done by 
measuring the level of malondialdehyde (MDA), 
which is the end product of lipid peroxidation. 
After being taken, tissue samples were frozen imme¬ 
diately in liquid nitrogen and then stored at -70°C 
until the assay. The day of analysis, after the thaw, 
tissue samples were washed in ice-cold 20 mmol/L 
TRIS-hydrogen chloride (HCL), pH 7.4, blotted on 
absorbent paper, and weighed. Each sample was 
then minced in ice-cold 20 mmol/L TRIS-HCL pH 
7.4 and homogenized in a 1:10 ratio, weight/vol¬ 
ume, by using a nonstick pestle. After centrifuga¬ 
tion at 3000g for 10 min at 4°C, the clear 
homogenate supernatant was used for biochemical 
assay. The assay was carried out by using a colori¬ 
metric commercial kit (Lipid peroxidation assay kit, 
cat. No. 437634; Calbiochem-Novabiochem Corp). 

Briefly, 0.65 mL 10.3 mmol/L N-methyl-2- 
phenylindole in acetonitrile were added to 0.2 mL 
homogenate supernatant. After vortexing for 3 to 4 
seconds and adding 0.15 mL of HCL 37%, samples 
were mixed well and closed with a tight stopper 
and incubated at 45°C for 60 minutes. The samples 
were then cooled on ice, and the absorbance was 
measured spectrophotometrically at 586 nm. A cal- 


Table II. Scoring of histologic parameters 

Score Features 

1 ± Little epidermal and dermal organization, few 

capillary vessels, many infiltrated cells 

2 ± Moderate epidermal and dermal organization, 

newly formed capillary vessels in the entire 
wound area, few inflammatory cells 

3 ± Complete remodeling of the epidermis and 

dermis, well-formed capillary vessels, few 
inflammatory cells in perivascular or intravas¬ 
cular site 


ibration curve of an accurately prepared standard 
malondialdehyde solution (from 2 to 128 
nmol/mL) was also run for quantitation. 

Myeloperoxidase activity. Myeloperoxidase (MPO) 
activity, an index of polymorphonuclear leukocyte 
accumulation, was determined as previously de¬ 
scribed by Mullane et al. 16 The samples were first 
homogenized in a solution containing 20 mmol/L 
potassium phosphate buffer (pH 7.4), 0.01 mol/L 
EDTA, 50 U/mL of a protease inhibitor (apro- 
tinin) in proportions of 1:10 (wt/vol) and then 
centrifuged for 30 minutes at 20,000g at 4°C. The 
supernatant of each sample was then discarded, 
and the pellet was immediately frozen on dry ice. 
The samples were kept at a temperature of 0°C for 
14 hours before sonication. After thawing, the 
resulting pellet was added to a buffer solution con¬ 
sisting of 0.5% hexa-deacyl-trimethyl-ammonium 
bromide (Sigma, St Louis, Mo) dissolved in 50 
mmol/L potassium phosphate buffer (pH 6) con- 
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Table III. Main morphologic characteristics of the wound 


Mice 

Angiogenesis 


Fibroblasts 


Treated db/db mice 

Well-oriented and well-formed 
vessels in the edge and in the 
central site of the wound 

Oriented parallel to the surface 
of the wound 


Nontreated db/db mice 

Small vessels scattered in 
the entire wound area 


Scattered throughout the 
granulation tissue 


Inflammatory cells Scattered in the dermis and in 
perivascular site 

Epithelium Almost completely remodeled 

Dermis Slight edema, well-formed 

collagen 


Scattered in the dermis 

Disarranged 
Few collagen fibrils or 
collagen bundles, 
moderate edema. 


Nontreated db/+ mice, 
Treated db/+ mice 
Vessels disposed vertically 
toward the epithelial 
surface in the edge site 
of the wound 
Spindle fibroblasts well- 
oriented to the surface 
of the wound 
Mainly in the vessels 
lumina 

Complete remodeling 
Complete remodeling 


taining 30 U/rnL of a protease inhibitor. Each sam¬ 
ple was then sonicated for 1 minute at intensity 2 
and at a temperature of 4°C. After sonication, the 
samples were chilled on ice for approximately 30 
minutes and centrifuged for 30 minutes at 40,000g 
at 4°C. An aliquot of the supernatant was then 
allowed to react with 0.167 mg/mL o-dianisidine 
dihydrochloride (Sigma) and 0.0010% hydrogen 
peroxide, and the rate of change in absorbance was 
measured at 405 nm in a microtiter plate reader. 
MPO activity was defined as the quantity of enzyme 
degrading 1 pmol of peroxide/min at 25°C and 
was expressed in milliunits per gram of weight 
(mU/g tissue). 

Hydroxyproline analysis. Because hydroxyproline 
(HP) is found almost exclusively in collagen, it is 
possible to use HP content as an indicator of the 
amount of collagen present in tissues. Wound HP 
concentration was determined as described previ¬ 
ously. 17 Briefly, frozen wound tissue was hydrolyzed 
in 2.0 mL 6 N HC1 for 3 hours at 130°C. The solu¬ 
tion was neutralized to pH 7.0 with 2.5 N sodium 
hydroxide and diluted 40-fold with deionized 
water. Two milliliters of diluted solution were 
mixed with 1.0 mL 0.05 mol/L chloramine-T solu¬ 
tion and incubated for 20 minutes at room tem¬ 
perature. One milliliter of 20% p-dimethy- 
laminobenzaldehyde was then added, and the 
solution was incubated for 20 minutes at 60°C. The 
absorbance of each sample was determined at 557 
nm, and the amount of HP was determined by 
comparison to a standard curve. 

Drug. Raxofelast was generously supplied by 
Biomedica Foscama Research Centre, Ferentino, 
(FR), Italy. The compound was administered 
intraperitoneally in dimethyl sulfoxide/sodium 
chloride 0.9%, (1:1; vol/vol). All substances were 


prepared fresh daily and administered in a volume 
of 1 mL/kg. 

Statistical analysis. All data were analyzed by the 
Student paired t test. The results were expressed as 
means ± SEM. The level for statistical significance 
was set at P< .05. 

RESULTS 

Histologic results. Fig 1 shows the histologic 
score of wounds throughout the experiment. Db/+ 
mice had a progressive increase in histologic score 
culminating at day 12 in complete wound closure 
(histologic score, 2.9 ± 0.4). In contrast, db/db 
mice had an impaired wound healing character¬ 
ized by a lower histologic score (1.09 ± 0.1 at day 
12) indicating a markedly delayed wound healing 
process (Fig 1). Treatment with raxofelast signifi¬ 
cantly improved the histologic score in db/db mice 
(2.1 ± 0.25). Furthermore, raxofelast administra¬ 
tion did not modify wound repair in db/+ mice. 

Qualitative data regarding histologic evaluation 
at day 12 are summarized in Table III. A large 
number of neutrophils were mixed with fibroblasts 
in an edematous tissue, and little dermal and epi¬ 
dermal organization was observed in diabetic mice 
treated with vehicle. The epithelium showed little 
epidermal elongation under the scab, spongiosis, 
intraepithelial bullae containing red blood cells, or 
debris (Fig 2). Several stellate and spindle fibro¬ 
blasts were scattered in the granulation tissue. The 
wound area was characterized by few collagen fib¬ 
rils and collagen bundles and by a medium to high 
degree of edema. Few capillary vessels were present 
in the wound area. The new vessels showed little 
basement membrane, thus the granulation tissue 
was edematous and thicker, but less well arranged, 
than in diabetic mice treated with raxofelast. 
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In diabetic mice treated with raxofelast, reep- 
ithelialization was moderate to complete, showing 
normal differentiation and keratinization with epi¬ 
dermal elongation spreading over two thirds of the 
wound surface (Fig 3) and moderate glycogen stor¬ 
age to the margins of the wound area. The granu¬ 
lation tissue was apparently well-organized. Dermal 
regeneration was characterized by granulation tis¬ 
sue rich in fibroblasts generally oriented parallel to 
the epidermal layer, moderate collagen fibrils, and 
collagen bundles, and slight edema (Fig 4). Newly 
formed capillary vessels were observed in moderate 
numbers in the dermis of the entire wound area. 
Vessels were similar to those found in normal der¬ 
mis. The degree of infiltrated inflammatory cells 
was minimal, with few polymorphonuclear cells 
scattered in the wound area and around the vessels. 

In the nontreated normal mice (db/+), epider¬ 
mal regeneration and remodeling of the dermis 
was complete and almost similar to that of diabetic 
treated mice. Epidermal elongation was spread 
over the entire wound surface. Dermal regenera¬ 
tion was characterized by abundant collagen bun¬ 
dles, similar to that of the margins of the wound, 
and thick elongated capillary vessels disposed verti¬ 
cally toward the epithelium, on the edge site of the 
wound (Fig 5, A). Around or in the blood vessels, 
there were a few inflammatory cells. Fibroblasts 
were disposed orderly, parallel to the wound sur¬ 
face, in an organized granulation tissue with dense 
matrix formation. Treatment with raxofelast did 
not significantly change the process of wound 
repair in healthy (db/+) mice (Fig 5, B ). 

Breaking strength. The wound breaking 
strengths for each group at day 12 are depicted in 
Fig 6. The breaking strength of incisional wounds 
from diabetic mice treated with raxofelast was high¬ 
er than that of diabetic mice treated with vehicle. 
As a result of raxofelast administration, breaking 
strength in wounds from db/db mice treated with 
raxofelast was approximately the same as in healthy 
(db/+) mice. No significant differences in break¬ 
ing strength were observed between healthy mice 
treated with raxofelast or the vehicle. 

MDA measurement and MPO activity. MDA lev¬ 
els and MPO activity were evaluated throughout 
the study. Very low MDA levels, investigated as an 
index of lipid peroxidation, were found in db/+ 
mice during the wound healing process; in addi¬ 
tion, the administration of raxofelast in these ani¬ 
mals did not cause any modification of this para¬ 
meter (Fig 7). In contrast, increased MDA levels 
were observed in diabetic mice treated with the 
vehicle, and raxofelast treatment succeeded in 
reducing the increased lipid peroxidation (Fig 7). 





Fig 2. Histologic photomicrograph of wound specimen at 
day 12 from diabetic (db/db) mice treated with vehicle. 
Little epidermal elongation, intraepithelial bullae, and evi¬ 
dent edema of the dermis. (Original magnification x 50). 


MPO activity was studied to evaluate the pres¬ 
ence of polymorphonuclear neutrophils in the 
wounded skin. Low MPO activity was observed 
during the wound healing process in db/ + ani¬ 
mals treated either with the vehicle or raxofelast 
(Fig 8). Indeed, wounded skin obtained from dia¬ 
betic mice treated with the vehicle showed a 
marked polymorphonuclear neutrophil infiltra¬ 
tion, and this paralleled histologic results very 
well. Diabetic mice treated with raxofelast showed 
a dramatic reduction in neutrophil infiltration in 
the wounded skin. This latter finding is in close 
agreement with the histologic report showing a 
blunted presence of infiltrated neutrophils in this 
group of rats. 

Collagen content. In wounds from db/+ mice, 
collagen was observed to increase until day 6 after 
skin injury, when maximal collagen content was 
reached (Fig 9). At day 6, wounds from diabetic 
mice treated with the vehicle contained substan¬ 
tially less collagen than wounds from healthy 
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Fig 3. Histologic photomicrograph of wound specimen at day 12 from diabetic (db/db) mice treated 
with raxofelast. Moderate reepithelialization and well-organized granulation tissue. (Original magnifica¬ 
tion x 50). 



Fig 4. Histologic photomicrograph of wound specimen at day 12 from diabetic (db/db) mice treated with 
raxofelast. Slight edema in the superficial dermis. Fibroblasts with parallel orientation to the surface are 
present. (Original magnification x 50). 


(db/+) mice. The collagen content of wounds did 
not differ significantly between db/ + mice treated 
with raxofelast or vehicle. Raxofelast increased the 
collagen content of diabetic mice wounds to levels 
close to that observed in wounds of db/+ mice. 

DISCUSSION 

A decreased healing capacity in diabetes is the 
result of multiple factors, including elevated 
blood sugar levels, suppressed cell mediated 
immunity, local ischemia, and free radical genera¬ 
tion. Inadequate oxygenation, such as in local 
ischemia, causes the production of extremely 


reactive metabolites called free oxygen radicals 
that impair normal wound healing by damaging 
endothelial cells, capillary permeability, and colla¬ 
gen metabolism. 18 

Skin ischemia provides favorable conditions for 
the formation of oxygen-derived free radicals by 
means of leukocytes, mostly neutrophils, which 
are activated during ischemia. The release of oxy¬ 
gen radicals by adhered activated leukocytes caus¬ 
es additional damage because more neutrophils 
are attracted and the process is amplified. 19 
Under normal conditions, the generation of free 
radicals is counterbalanced by the presence of 
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Fig 5. Histologic photomicrograph of wound specimen at day 12 from healthy (db/+) mice treated with 
raxofelast (A) and vehicle (B). Complete reepithelialization and well-formed granulation tissue. Vessels 
perpendicular oriented to epithelial surface. (Original magnification x 50). 


adequate endogenous antioxidant defenses, 20 but 
when the generation of free radicals exceeds the 
capacity of the defenses, these highly active radi¬ 
cals may produce structural changes that may con¬ 
tribute to reversible or irreversible cell injury. 


Oxygen radicals cause tissue damage by lipid per¬ 
oxidation of cellular and organelle membranes, 
disruption of the intracellular matrix, and alter¬ 
ation of important protein enzymatic process¬ 
es. 19,21 These agents not only damage the lipids 
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db/+ plus db/+ plus db/db plus db/db plus 

vehicle raxofclast vehicle raxofelast 


Fig 6. Tensile strength (g/mm), evaluated at day 1 2, in wounds obtained from db/+ and db/db mice treat¬ 
ed either with vehicle (1 mL/kg/d, intraperitoneally) or raxofelast (15 mg/kg/d, intraperitoneally). Bar 
heights represent the mean ± SEM of 7 experiments. Asterisk, P < .01 versus db/+ mice; number sign, 
P< .01 versus db/db mice treated with vehicle. 



-Chdb/+ plus 
vehicle 

“■-db/+ plus 
raxofclast 

-Odb/db plus 
vehicle 

-•-db/db plus 
raxofelast 


Fig 7. MDA levels in wound specimens collected at different time points from db/+ and db/db mice treat¬ 
ed either with vehicle (1 mL/kg/d, intraperitoneally) or raxofelast (15mg/kg/d, intraperitoneally). Each 
point represents the mean ± SEM of 7 experiments. Asterisk, P< .01 versus db/+ mice; number sign, P< .01 
versus db/db mice treated with vehicle. 


but also produce secondary intermediates, lipid 
hydroperoxides, which can lead to a chain reac¬ 
tion of lipid peroxidation. 22 

Vitamin E seems to be the most active lipid- 
soluble antioxidant in the human body. 23 " 25 
Together with the water soluble antioxidant ascor¬ 
bic acid, it constitutes a regenerative system that is 
effective in suppressing both enzymatic and nonen- 
zymatic peroxidation of membrane lipids by break¬ 
ing the chain reaction of radical formation. 26 " 29 


The antioxidant activity of raxofelast and its 
deacetylated active metabolite 1RF1 005 has been 
described in previous in vitro and vivo studies. 6 In 
addition, IRFI 005 has been shown to be a scav¬ 
enger of superoxide anion, with a linear dose- 
response curve starting from 5 iimol/L. After sys¬ 
temic administration of raxofelast to rats, dogs, and 
humans, the plasma concentrations of the parent 
compound were very low, whereas high levels of 
IRFI 005 were found in plasma and tissue. 30,31 
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vehicle 


-■“db/+ plus 
raxofelast 

-O-db/db plus 
vehicle 
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raxofelast 


days 


Fig 8. MPO activity in wound specimens collected at different time points from db/+ and db/db mice 
treated either with vehicle (1 mL/kg/d, intraperitoneally) or raxofelast (15 mg/kg/d, intraperitoneally). 
Each point represents the mean ± SEM of 7 experiments. Asterisk, P < .01 versus db/+ mice; number sign, 
P< .01 versus db/db mice heated with vehicle. 



-D-db/+ plus 
vehicle 


db/+ plus 
raxofelast 


-O-db/db plus 
vehicle 

-•“db/db plus 

raxofelast 


days 


Fig 9. Hydroxyproline (HP) content in wound specimens collected at different time points from db/ + and 
db/db mice treated either with vehicle (1 mL/kg/d, intraperitoneally) or raxofelast (15 mg/kg/d, 
intraperitoneally). Each point represents the mean ± SEM of 7 experiments. Asterisk, P< .01 versus db/+ 
mice; number sign, P < .01 versus db/db mice treated with vehicle. 


In our model, raxofelast was able to reverse the 
effects of diabetes on wound healing by reducing 
lipid peroxidation, neutrophil infiltration, edema, 
and stimulating reepithelialization, neovasculariza¬ 
tion, proliferation of fibroblasts, and the synthesis 
and maturation of extracellular matrix. We suggest 
that raxofelast-induced reduction in neutrophil 
infiltration may be caused by lipid peroxidation 
inhibition, which in turn leads to a reduction in the 
formation of the chemotactic intermediates. 


Indeed, the presence of neutrophils in the late 
stage of the wound healing process represents a 
negative event: in fact, it has been shown that per¬ 
sistent infiltration and activation of neutrophils 
may lead to an abnormal repair response having 
profound effects on down-stream cell migration, 
matrix deposition, and angiogenesis. Such an alter¬ 
ation (persistent neutrophil infiltration) has been 
shown to play a pivotal role in the delayed wound 
healing in aged humans. 32 In agreement with this 
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finding, the wounds of diabetic mice had a marked 
MPO activity 6 and 12 days after skin injury, and 
this may contribute, at least in part, to the impair¬ 
ment of wound healing in experimental diabetes. 

MDA measurement is an indicative method of 
evaluating lipid peroxidation. 33 The large amount 
of MDA found in the wound tissue of diabetic mice 
is consistent with the occurrence of a free- 
radical-mediated wound healing damage. 

Lipid peroxidation is also considered responsi¬ 
ble for the impairment of endothelial cells, capil¬ 
lary permeability, and fibroblast and collagen 
metabolism. 18 Bohlen and Niggl 10 reported that 
microvascular derangement in db/db mice is char¬ 
acterized by a decreased number of arterioles, loss 
of vascular tone, and a reduced cross-sectional area 
in the vessel walls. The increased permeability and 
the consequent marked edema in db/db mice is 
probably the result of the loss of endothelial cell 
continuity by direct action of oxygen free radicals 
on the lipoperoxidases of the cell membranes. 

Raxofelast, protecting the polyunsaturated fatty 
acids in membranes against lipid peroxidation, has 
been shown to have angiogenic activity and to stim¬ 
ulate proliferation of fibroblasts and keratinocytes 
in db/db mice—thus the degree of wound healing 
approximated to that observed in the control het¬ 
erozygous (db/+) mice. 

In addition, the beneficial effects of raxofelast 
on wound healing were stressed by the increase in 
both breaking strength measurements and colla¬ 
gen content. 

In conclusion, these results suggest that raxofe¬ 
last is useful in improving wound healing in cases 
of deficient wound repair such as that which occurs 
in patients with diabetes. 

REFERENCES 

1. Clark RA. Cutaneous tissue repair: basic biologic considera¬ 
tion. I. J Am Acad Dermatol 1985;13:701-25. 

2. Campo GM, Squadrito F, Ioculano M, Avenoso A, Zingarelli 
B, Calandra S, et al. IRFI 016, a new radical scavenger, lim¬ 
its ischemic damage following coronary artery occlusion in 
rats. Res Commun Chem Pathol Pharmacol 1992;76:287- 
303. 

3. Campo GM, Squadrito F, Ioculano M, Altavilla D, Zingarelli 
B, Pollicino AM, et al. Protective effect of IRFI 016, a new 
antioxidant agent, in myocardial damage, following coro¬ 
nary artery occlusion and reperfusion in the rat. 
Pharmacology 1994;48:157-66. 

4. Campo GM, Ceccarelli S, Squadrito F, Altavilla D, Dorigotti 
L, Caputi AP. Raxofelast (IRFI 016) : a new hydrophilic vit¬ 
amin E-like antioxidant agent. Cardiovasc Drug Rev 
1997;15:157-73. 

5. Bindoli A, Rigobello MP, Musacchio E, Scuri R, Rizzoli V, 
Galzigna L. Protective action of a new benzofuran derivative 
on lipid peroxidation and sulphydryl groups oxidation. 
Pharmacol Res 1991;24:369-75. 


6. Mattoli S, Mezzetti M, Allegra L, Braga PC. Dihydro- 
hydroxy-trimethyl-benzofuranyl acetic acid inhibits lipid 
peroxidation and lysosomial enzyme release in bronchial 
epithelial cells and macrophages. Ital J Chest Dis 
1991;45:78-80. 

7. Greenhalgh DG, Sprugel KH, Murray MJ, Russell R. PDGF 
and FGF stimulate wound healing in the genetically diabet¬ 
ic mouse. Am J Pathol 1990;136:1235-46. 

8. Matuszewska B, Keogan M, Fisher DM, Soper KA, Heo CM, 
Huber AC, et al. Acidic fibroblast growth factor: evaluation 
of topical formulations in a diabetic mouse wound healing 
model. Pharm Res 1994;11:65-71. 

9. Coleman DL. Diabetes-obesity syndromes in mice. Diabetes 
1982;31:1-6. 

10. Bohlen HG, Niggl BA. Adult microvascular disturbances as 
a result of juvenile-onset diabetes in db/db mice. Blood 
Vessels 1979;16:269-76. 

11. Yue DK, McLennan S, Marsh M, Mai YW, Spaliviero J, 
Delbridge L, et al. Effects of experimental diabetes, ure¬ 
mia, and malnutrition on wound healing. Diabetes 1987; 
36:295-9. 

12. Goodson WH, Hunt TK. Studies of wound healing in exper¬ 
imental diabetes. J Surg Res 1977;22:221-7. 

13. Silhi N. Diabetes and wound healing. J Wound Care 
1988;7:47-51. 

14. Niwano Y, Koga H, Sakai A, Kanai K, Hamaguchi H, Uchida 
M, et al. Wound healing effect of malotilate in rats. 
Arzneimittelforschung 1996;6:450-5. 

15. Mustoe TA, Pierce GF, Thomason A, Gramates P, Sporn MB, 
Deuel TF. Accelerated healing of incisional wounds in rats 
induced by transforming growth factor-b. Science 
1987;237:1333-6. 

16. Mullane KM, Kraemer MR, Smith B. Myeloperoxidase activ¬ 
ity as a quantitative assessment of neutrophil infiltration 
into ischemic myocardium. J Pharmacol Methods 
1985;14:156-7. 

17. WoessnerJF. The determination of hydroxyproline in tissue 
and protein samples containing small proportions of this 
amino acid. Arch Biochem Biophys 1961;93:440-7. 

18. Senel O, Cetinkale O, Ozbay G, Ahgioglu F, Bulan R. 
Oxygen free radicals impair wound healing in ischemic rat 
skin. Ann Plast Surg 1997;39:517-23. 

19. Niki E, Yamamoto Y, Komuro E, Sato E. Membrane damage 
due to lipid peroxidation. Am J Clin Nutr 1991;53:2015-55. 

20. Hall ED, Yonkers PA, Horan KL. Correlation between 
attenuation of post-traumatic spinal cord ischemia and 
preservation of tissue vitamin E by the 21-aminosteroid U- 
Z4006F. Evidence for an in vivo antioxidant mechanism. J 
Neuro trauma 1989;6:169-76. 

21. White MJ, Heckler FR. Oxygen free radicals and wound 
healing. Clin Plast Surg 1990;17:473-84. 

22. Martin A. The use of antioxidants in healing. Dermatol 
Surg 1996;22:156-60. 

23. Green J. Vitamin E and the biological antioxidant theory. 
Ann NY Acad Sci 1972;203:29-44. 

24. Burton GW, Foster DO, Perly B, Slater TF, Smith ICP, 
Ingold KU. Biological antioxidants. Philos Trans R Soc 
London B Biol Sci 1985;311:565-78. 

25. McCay PB. Vitamin E: interactions with free radicals and 
ascorbate. Ann Rev Nutr 1985;5:323-40. 

26. Tappel AL. Free-radical lipid peroxidation damage and its 
inhibition by vitamin E and selenium. Fed Proc 1965; 
24:73-5. 

27. Leung H, Vang MJ, Mavis RD. The cooperative interaction 
between vitamin E and vitamin C in suppression of peroxi- 



Surgery 

Volume 129, Number 4 


Galeano et al 477 


dation of membrane phospholipids. Biochem Biophys Acta 
1981;664:266-72. 

28. Weiss SJ. Oxygen, ischemia and inflammation. Acta Physiol 
Scand (Suppl) 1986;548:9-37. 

29. Di Mascio P, Murphy ME, Sies H. Antioxidant defense sys¬ 
tems: the role of carotenoids, tocopherols, and thiols. Am J 
Clin Nutr 1991;53:194S-200. 

30. Urso R, Moltoni L, Billarelli C, Segre G. Pharmacokinetics 
of IRFI 016 and IRFI 005 in rats. Pharmacol Res 
1992:26:265. 

31. Centore R, Bianco T, Ceccarelli S, Dorigotti L. 


Pharmacokinetic profile of raxofelast, a novel antioxidant 
agent chemically related to alpha-tocopherol. Pharmacol 
Res 1995:31 (Suppl) :38. 

32. Ashcroft GS, Horan MA, Ferguson MWJ. Aging alters the 
inflammatory and endothelial cell adhesion molecule pro¬ 
files during human cutaneous wound healing. Lab Invest 
1998;78:47-58. 

33. Wills ED. Evaluation of lipid peroxidation in lipid and bio¬ 
logical membranes. In: Snell K and Mullock B, editors. 
Biochemical toxicology: a practical approach. Oxford: IRL 
press; 1987. p. 127-152. 


Surgery is abstracted and/or indexed in Index Medicus, Science Citation Index, Current Contents/ 

Clinical Medicine, Current Contents/Life Sciences, and MEDLINE. 

Thisjournal has been registered with Copyright Clearance Center, Inc, 222 Rosewood Dr, Danvers, MA 01923. 
Consent is given for the copying of articles for personal or internal use of specific clients. This consent is given 
on the condition that the copier pay direcdy to the Center the per-copy fee stated on the first page of each 
article for copying beyond that permitted by US Copyright Law. This consent does not extend to other kinds 
of copying, such as for general distribution, resale, advertising and promotional purposes, or for creating new 
collective works. All inquiries regarding copyrighted material from this publication other than those that can 
be handled through Copyright Clearance Center should be directed to Journals Permission Department, 
Mosby, Inc, 6277 Sea Harbor Dr, Orlando, FL 32887; Fax (407) 345-4058. 




